Plaque erosion and plaque rupture occur early in the pathophysiology of acute myocardial infarction (AMI). We hypothesized that markers of plaque instability might be useful in the early diagnosis and risk stratification of AMI.
Acute myocardial infarction (AMI) 6 is a major cause of death and disability worldwide (1 ) . Rapid and accurate identification and risk stratification of AMI is critical to initiate appropriate treatment (2, 3 ) . Patient history, electrocardiography (ECG), and cardiac troponin T (cTnT) form the diagnostic and prognostic cornerstones of the clinical assessment of chest pain patients (2-6 ), but they often leave diagnostic uncertainty.
Inflammation plays a key role in atherosclerotic plaque formation, plaque destabilization and plaque disruption. Because AMI is caused by vulnerable plaques, biomarkers of plaque instability and inflammation may provide important diagnostic and prognostic information. Myeloperoxidase (MPO), for example, is a leukocyte-derived enzyme that catalyzes the formation of reactive oxidants and is thought to be a potential participant in plaque formation and plaque rupture (7 ) . MPO has been shown to be increased in patients with stable coronary artery disease (CAD) and acute coronary syndrome (ACS) (8, 9 ) . Recent studies that documented that therapeutic use of heparin induces preanalytical bias and error in MPO measurements have made it difficult to interpret promising initial data regarding the diagnostic use of MPO (10, 11 ) .
Myeloid-related protein 8/14 (MRP-8/14), also termed calprotectin, is secreted by activated monocytes and neutrophils, has proinflammatory properties, and is expressed in atherosclerotic lesions (12 ) . Pilot studies suggested a possible prognostic role for MRP-8/14 in ACS patients (13, 14 ) . Pregnancy-associated plasma protein A (PAPP-A) is a protease mainly produced by the placenta during pregnancy, but also by fibroblasts, osteoblasts, and vascular smooth muscle cells. Some studies reported PAPP-A to be highly expressed in unstable plaques (15, 16 ) . PAPP-A has been suggested as a prognostic marker in patients with stable CAD as well as ACS (17) (18) (19) . C-reactive protein (CRP) is a widely used biomarker of inflammation. Many prospective studies demonstrated a significant and independent association between CRP concentrations and future cardiovascular events in healthy individuals as well as in patients with established ACS (20 -23 ) .
We performed a large multicenter study to examine the value of commercially available biomarkers of plaque instability for early diagnosis of AMI and for predicting prognosis in unselected heparin-naive patients presenting to the emergency department with acute chest pain.
Methods

STUDY DESIGN AND POPULATION
APACE (Advantageous Predictors of Acute Coronary
Syndrome Evaluation) is an ongoing prospective international multicenter study designed and coordinated by the University Hospital Basel, Switzerland (24 -26 ) . From April 2006 to May 2008, 689 consecutive patients presenting to the emergency department with symptoms suggestive of AMI, such as acute chest pain and angina pectoris, were recruited. Concentrations of all 4 markers of plaque instability (MPO, MRP-8/14, PAPP-A, CRP) as well as cTnT and high-sensitivity cTnT (hs-cTnT) were available in 398 patients (58%). Patients with terminal kidney failure requiring dialysis were excluded. The study was carried out according to the principles of the Declaration of Helsinki and approved by the local ethics committees. Written informed consent was obtained from all patients.
ROUTINE CLINICAL ASSESSMENT
All patients underwent an initial clinical assessment including clinical history, physical examination, 12-lead ECG, pulse oximetry, standard blood tests, and chest radiography. Standard cardiac troponin was measured at presentation and thereafter as long as clinically indicated. Treatment of patients was left at the discretion of the attending physicians.
ADJUDICATED FINAL DIAGNOSIS
To determine the final diagnosis for each patient, adjudication of final diagnoses was performed for all patients centrally in the core laboratory (University Hospital Basel) as follows. Two independent cardiologists blinded to the measured concentrations of the 4 markers and hs-cTnT reviewed all available medical records (including patient history, physical examination, results of laboratory testing including local cardiac troponin values, radiologic testing, ECG, echocardiography, cardiac exercise test, coronary angiography) pertaining to the patient from the time of emergency department presentation through 60-day follow-up. In situations of diagnostic disagreement (16%), cases were reviewed and adjudicated in conjunction with a third cardiologist.
AMI was defined and cardiac troponin concentrations interpreted as recommended in current guidelines (6, (27) (28) (29) . In brief, AMI was diagnosed when there was evidence of myocardial necrosis with a significant rise and/or fall in a clinical setting consistent with myocardial ischemia. Cardiac necrosis was diagnosed by at least 1 value of the local standard cardiac troponin above the 99th percentile (or above the 10% imprecision value if not fulfilled at the 99th percentile). In the absence of uniformly accepted published guidelines, a significant rise and/or fall was defined as a change of at least 30% from the 99th percentile (or the 10% CV level) within 6 -9 h (6, (27) (28) (29) . The following cTn assays were used for the adjudication of the final diagnosis on site: Abbott Axsym cTnI ADV, Beckmann Coulter Accu cTnI, and Roche cTnT fourth generation. All 3 are well-validated current standard cardiac troponin assays with comparable performance in the diagnosis of AMI (see Supplemental Methods, which accompanies the online version of this article at http:// www.clinchem.org/content/vol58/issue1, for details on use of each of the local cardiac troponin assays for final diagnosis adjudication) (28, 29 ) . Unstable angina was diagnosed in patients with cardiac troponin concentrations within reference intervals and typical angina at rest, a deterioration of a previously stable angina (clinical diagnosis without further tests, n ϭ 7), typical angina and a positive cardiac exercise test (n ϭ 16), or cardiac catheterization with coronary arteries found to have a stenosis of 70% or greater (50% or greater for left main disease) (n ϭ 44), and in ambiguous cases in which follow-up information revealed AMI (n ϭ 1) or a sudden, unexpected cardiac death within 60 days (n ϭ 1). Furthermore, predefined diagnostic categories included cardiac but not coronary symptoms (e.g., perimyocarditis, tachyarrhythmias) and noncardiac symptoms. If AMI was excluded in the emergency department, but insufficient further diagnostic proce-dures were performed for conclusive diagnosis, symptoms were classified as of unknown origin.
BIOCHEMICAL ANALYSIS
Blood samples for measurements of the markers were collected at presentation and before any application of heparin to avoid preanalytical bias (10, 11 ) . After centrifugation, samples were frozen at Ϫ80°C until assayed in a blinded fashion. Serial sampling was discontinued when the diagnosis of AMI was certain and treatment required transferring the patient to the catheterization laboratory or coronary care unit.
cTnT was determined in serum using a 1-step enzyme immunoassay based on electrochemiluminescence technology (Elecsys 2010, Roche Diagnostics) with a lower limit of detection of 0.01 g/L, a 99th percentile of Ͻ0.01 g/L, and a CV of Ͻ10% at 0.035 g/L. hs-cTnT was similarly measured on the Elecsys 2010 (Roche Diagnostics). For hs-cTnT, limit of blank and limit of detection have been determined to be 0.003 g/L and 0.005 g/L. An imprecision corresponding to 10% CV was reported at 0.013 g/L and the 99th-percentile of a healthy reference population at 0.014 g/L (30 ) . MPO was measured in EDTA plasma using a chemiluminescent automated microparticle immunoassay technology (Architect MPO, Abbott Diagnostics). According to the manufacturer, this assay had a dynamic range of 0 -10[ths]000 pmol/L with an analytical sensitivity of Ͻ5 pmol/L and a functional sensitivity of 70 pmol/L (total CV of 10%). MRP-8/14 was measured in serum using ELISA (Bühlmann Laboratories). Performance characteristics of this assay include intraassay imprecision of 4.8% at 3.4 mg/L, interassay imprecision of 4.4% at 5.1 mg/L, minimal detectable concentration of 0.3 mg/L, and functional sensitivity (level of 15% imprecision) of 0.56 mg/L (31 ). PAPP-A was measured in serum by using a 1-step enzyme immunoassay based on electrochemiluminescence technology (Elecsys 2010, Roche Diagnostics). This assay measures all forms of PAPP-A, the heterodimer as well as the free form. The lower limit of detection is 4 mIU/L and the 95th percentile in healthy individuals has been reported at 7.15 mIU/L. CRP was measured in heparin plasma by a particle-enhanced turbidimetric immunoassay (Dade Behring). The lower detection limit of this test is 3 mg/L. Glomerular filtration rate was calculated using the abbreviated Modification of Diet in Renal Disease formula (32 ) .
FOLLOW-UP AND CLINICAL END POINTS
After hospital discharge, patients were contacted after 3, 12, 24, and 36 months by telephone or in writing. Information regarding death was furthermore obtained from the national registry on mortality, the hospital's diagnosis registry, and the family physician's records. The primary prognostic end point was all-cause mortality, and secondary prognostic end points were cardiovascular death in all patients as well as a composite end point of all-cause mortality or first AMI in chest pain patients without AMI as the index event.
STATISTICAL ANALYSIS
Continuous variables are presented as mean (SD) or medians with interquartile range (IQR) and categorical variables as numbers and percentages. Comparisons between groups were made using 2 method for categorical and Mann-Whitney U-test for continuous variables. Correlations among the different markers were assessed with the use of the Spearman rankcorrelation coefficient. ROC curves were constructed and areas under the curve (AUCs) calculated to assess the sensitivity and specificity throughout the concentrations of the biomarkers of plaque instability and cTnT to compare their individual or combined ability to diagnose AMI and to predict the probability of allcause death and AMI during follow-up. Comparison of AUCs was performed as recommended by DeLong (33 ) . Kaplan-Meier analysis was performed for survival, and log-rank values were used to assess statistical significance. Cox proportional hazard analysis was used to compute hazard ratios and 95% CIs for the markers assessed to predict mortality. All 4 markers were tested in a univariable model and furthermore in a multivariable model adjusted for clinical risk factors (age, arterial hypertension, dyslipidemia, diabetes mellitus, smoking, history of CAD, history of AMI, history of renal failure) and presentation values of hs-cTnT. Net reclassification improvement (NRI) compares the proportions moving up or down in clinical categories in survivors and nonsurvivors. We chose risk categories to obtain clinically meaningful results. For further verification, we used integrated discrimination improvement (IDI) analysis, which is not dependent on certain risk groups because probability differences are used instead of categories (34 ) . All hypothesis testing was 2-tailed, and a P value of Ͻ0.05 was considered statistically significant. All statistical analyses were performed using SPSS for Windows 15.0 (SPSS) and MedCalc 11.2.1.0 (MedCalc Software).
Results
CHARACTERISTICS OF THE PATIENTS
Baseline characteristics of the 398 patients are shown in Table 1 . The adjudicated final diagnosis was AMI in 76 patients (19%), unstable angina in 69 (17%), cardiac but noncoronary symptoms in 47 (12%), noncardiac symptoms in 175 (44%), and symptoms of unknown origin in 31 (8%).
MEASURED CONCENTRATIONS OF THE MARKERS OF PLAQUE INSTABILITY IN DIFFERENT GROUPS OF CHEST PAIN
Concentrations of the markers of plaque instability at presentation are displayed in Fig. 1 Patients with AMI had higher MPO (P ϭ 0.001), MRP-8/14 (P Ͻ 0.001), and CRP (P ϭ 0.01) concentrations at presentation than patients with unstable angina, but no significant difference in the concentration of PAPP-A (P ϭ 0.17) was found between these 2 groups. No significant differences were found for MPO, PAPP-A, or CRP values in patients Kinetics of the 4 markers of plaque instability in patients with AMI were analyzed by comparing early presenters (presenting Յ3 h after the onset of symptoms) with those presenting 4 -10 h after the onset of symptoms and the late presenters (Ͼ10 h after the onset of symptoms) (see online Supplementary Fig. 1 ). No differences in the presentation concentrations of MPO (P ϭ 0.66), MRP-8/14 (P ϭ 0.45), or PAPP-A (P ϭ 0.53) were found. However, there was a statistically significant rise and fall observed for CRP (P ϭ 0.03).
Overall, the 4 markers of plaque instability showed only a low to modest correlation with each other as well as with the extent of myocardial necrosis as quantified by concentrations of hs-cTnT (Table 2) .
Coronary angiography was performed in 117 patients (29%). Differences of borderline significance in PAPP-A and CRP were observed for patients with and without at least 1 high-grade lesion with a stenosis Ͼ95% (median 4.0 vs 4.6 mIU/L and median 3.0 vs 3.0, P ϭ 0.05 for both), whereas no differences in concentrations of the other 2 markers were found (P ϭ 0.47 and 0.98 for MPO and MRP-8/14). Furthermore, a significant difference in concentrations of PAPP-A was observed between patients with and without 3-vessel disease (median 4.0 vs 4.85 mIU/L, P ϭ 0.03), whereas the other 3 markers showed no differences in concen- Boxes, IQR; whiskers, range (without outliers further than 1.5 IQRs from the end of the box).
trations (P ϭ 0.41, 0.13, and 0.58 for MPO, MRP-8/14, and CRP).
MARKERS OF PLAQUE INSTABILITY IN THE DIAGNOSIS OF AMI
The diagnostic accuracy of all 4 markers of plaque instability at presentation for the diagnosis of AMI as quantified by the AUC was low (AUC MPO 0.63, MRP-8/14 0.65, PAPP-A 0.62, CRP 0.59) and inferior to that of both cTnT (AUC 0.88) and hs-cTnT (AUC 0.96) (P Ͻ 0.001 for all comparisons). Use of the markers of plaque instability in combination with either cTnT or hs-cTnT did not increase the diagnostic accuracy provided by hs-cTnT alone (Table 3) .
Subgroup analysis restricted to patients presenting within the first 3 h after the onset of symptoms revealed similar findings: the diagnostic accuracy of all 4 markers of plaque instability was low and inferior to both cTnT and hs-cTnT (all P Ͻ 0.001). Again, the combination of the markers with cTnT or hs-cTnT did not improve the diagnostic accuracy of hs-cTnT alone (all P Ͼ 0.05).
MARKERS OF PLAQUE INSTABILITY IN THE DIAGNOSIS OF ACS
Poor diagnostic performance of the 4 studied markers of plaque instability was also observed in ACS (i.e., AMI and unstable angina), with an AUC of 0.54 for MPO, 0.55 for MRP-8/14, 0.61 for PAPP-A, and 0.52 for CRP, all inferior to cTnT and hs-cTnT (AUC 0.70 and 0.84, P Ͻ 0.001 for all comparisons). The combination of the markers of plaque instability and hs-cTnT similarly did not improve the diagnostic accuracy compared to hs-cTnT alone (data not shown).
PROGNOSTIC VALUE OF MARKERS OF PLAQUE INSTABILITY FOR THE PREDICTION OF ALL-CAUSE DEATH
During a median follow-up time of 27 months, there were 39 deaths in the whole cohort (9.8%). The outcome of chest pain patients in terms of survival was significantly worse in patients in higher tertiles of MPO, MRP-8/14, and CRP concentrations at presentation (Fig. 2) . Cumulative 24-month allcause mortality rates were 3.2%, 8.2%, and 15.7% in patients in tertiles of MPO (P ϭ 0.002); 4.9%, 5.3%, and 16.8% in tertiles of MRP-8/14 (P Ͻ 0.001); and 2.3%, 3.3%, and 20.7% in tertiles of CRP (P Ͻ 0.001). Tertiles of PAPP-A did not predict 24-month all-cause mortality rates (7.6%, 7.1%, 12.0%; P ϭ 0.59).
Prediction of all-cause death during follow-up as assessed by ROC curve analysis showed similar prog- Table 3 . Diagnostic accuracy of all biomarkers for the diagnosis of AMI. (Table 4 ). This was also true after adjustment for clinical risk factors (age, arterial hypertension, dyslipidemia, diabetes mellitus, smoking, history of CAD, history of AMI, history of renal failure) and hs-cTnT in multivariable analysis. When all markers of plaque instability were entered into the model simultaneously, only CRP remained an independent predictor of death.
Reclassification tables for predicting all-cause mortality on the basis of the clinical risk factors and hs-cTnT and after 1 of the 4 markers was added yielded a significant improvement in NRI (0.19, P ϭ 0.04) and IDI (0.11, P ϭ 0.004) when CRP was added and in NRI (0.14, P ϭ 0.03) but not IDI (0.05, P ϭ 0.16) when MRP-8/14 was added. The addition of MPO and PAPP-A resulted in no reclassification improvement (see online Supplemental Table 1 ).
PROGNOSTIC VALUE OF MARKERS OF PLAQUE INSTABILITY FOR THE PREDICTION OF CARDIOVASCULAR DEATH
Of the 39 deaths during follow-up, 19 (49%) were deaths from cardiovascular cause. Higher concentrations of MRP-8/14 (P ϭ 0.01) and CRP (P Ͻ 0.001), but not MPO (P ϭ 0.44) or PAPP-A (Pϭ0.65), were associated with increased risk for cardiovascular death (see online Supplementary Fig. 2 ).
PROGNOSTIC VALUE OF MARKERS OF PLAQUE INSTABILITY FOR THE PREDICTION OF DEATH OR AMI
The ability of markers of plaque instability to predict survival free of AMI was assessed in patients without AMI at index presentation (n ϭ 322). There were 22 (7%) deaths and 23 (7%) first AMIs during follow-up, resulting in a combined end point of death or AMI in 39 patients (12%). In Kaplan-Meier analysis, only tertiles of CRP significantly predicted survival free of AMI (P ϭ 0.001), whereas this was not true for MPO, MRP-8/14, and PAPP-A (P ϭ 0.99, P ϭ 0.95, P ϭ 0.56). In ROC curve analysis, the prognostic accuracy for survival free of AMI was low for all 4 markers of plaque instability (AUC MPO 0.49, MRP-8/14 0.52, PAPP-A 0.48, and CRP 0.63).
Discussion
This prospective international multicenter study examined the clinical utility of 4 markers of plaque instability (MPO, MRP-8/14, PAPP-A, CRP) in the early diagnosis and risk stratification of AMI in 398 consecutive patients presenting to the emergency department with acute chest pain. We report 4 major findings.
First, concentrations of all 4 biomarkers of plaque instability taken at emergency department presentation were significantly higher in patients with AMI than in patients with other diagnoses. Second, the diagnostic accuracy of these markers was low and inferior compared to both cTnT and hs-cTnT. None of the 4 markers improved diagnostic accuracy when used in combination with either cTnT or hs-cTnT. Third, MPO, MRP-8/14, and CRP, but not PAPP-A, predicted all-cause mortality with moderate accuracy and provided independent prognostic information over clinical risk factors and hs-cTnT. With the use of all markers together, CRP emerged as the strongest predictor of the 4 markers. Fourth, the markers of plaque instability showed only a low correlation with each other as well as with the extent of myocardial necrosis as quantified by hs-cTnT.
DIAGNOSTIC VALUE OF MARKERS OF PLAQUE INSTABILITY
These findings have implications for the clinical use of these 4 markers of plaque instability and extend both previous clinical and experimental studies (7, 8, 12, 13, 15, 21 ) . The exact mechanisms leading to plaque instability, plaque fissure, and plaque rupture are incompletely understood. Histopathological studies have consistently indicated the central role of inflammation. MPO, MRP-8/14, PAPP-A, and CRP have all been shown to be expressed in atherosclerotic plaques and to contribute to vascular inflammation (7, 12, 15, 21 ) . As such, they were proposed as new markers for early diagnosis of AMI, because their release may precede myocardial necrosis and could therefore identify patients with unstable coronary plaques who are at risk for AMI. Despite a sound pathophysiological hypothesis, our data highlight the limited diagnostic value of currently available peripheral blood biomarkers of plaque instability in the diagnosis of AMI. The following 2 aspects may at least partly account for this finding. First, inflammation is also common in many disease entities resulting in other cardiac or noncardiac causes of acute chest pain, including pleuritis, pneumonia, and gastroesophageal reflux. The pathophysiological processes quantified by the inflammatory biomarkers studied may therefore be rather unspecific. Second, many patients with AMI had concentrations within reference intervals for the markers of plaque instability in peripheral blood. The magnitude of release from the coronary arteries may have been too small to substantially alter systemic concentrations. And third, 3 recent studies have raised serious concerns regarding the validity of most previous studies on MPO and PAPP-A by documenting that the use of heparin induces preanalytical bias and error in MPO and PAPP-A measurements (10, 11, 35 ) . Heparin seems to mobilize both vessel-bound MPO and PAPP-A, thereby artificially increasing the concentrations of the 2 markers. Because we performed our study in heparin-naive patients, this result may explain the difference in the diagnostic accuracy of MPO and PAPP-A compared to previous studies.
PROGNOSTIC VALUE OF MARKERS OF PLAQUE INSTABILITY
Discovery of reliable markers for short-and long-term risk stratification of a heterogeneous group of patients with chest pain remains an unmet need. In patients with ACS, cTnT is the most established marker for prediction of short-and long-term adverse cardiac events (2, 3, 5, 28 ) . However, increased cTnT already implies myocardial cell death. An ideal prognostic marker would identify patients at a stage where preventive or therapeutic measures might influence the course of the disease. Therefore, biomarkers that identify unstable plaques would be an excellent tool for risk stratification. In addition to the diagnostic findings, our study extends and corroborates previous studies evaluating the prognostic use of markers of plaque instability in patients with acute chest pain. Several studies have shown the association between high MPO concentrations and stable CAD (9, 36, 37 ) and unfavorable outcome in ACS (8, 38 -40 ) . Concerning the prediction of all-cause mortality, the present study confirms the prognostic role of MPO in patients with ACS and extends previous findings by demonstrating that MPO also has prognostic value in an unselected cohort of patients with acute chest pain. However, higher concentrations of MPO were associated with neither increased risk for cardiovascular death nor AMI during follow-up.
The prognostic value of MRP-8/ 14 has not yet been studied prospectively. A case-control study among 237 patients enrolled in the PROVE IT TIMI (Pravastatin or Atorvastatin Evaluation and Infection Therapy: Thrombolysis in Myocardial Infarction 22) trial showed an increased risk of recurrent cardiovascular events and death with increasing quartiles of MRP-8/14 after adjustment for standard risk factors and CRP during a follow-up of 24 months (14 ) . In our study, the prognostic accuracy of MRP-8/14 for the prediction of all-cause death was modest (AUC 0.70) and also remained significant after multivariable adjustment.
PAPP-A has been suggested as a prognostic marker in patients with stable CAD and in ACS (17) (18) (19) . Iversen et al. (16 ) showed in 415 patients admitted with chest pain and both normal ECG and biomarker concentrations within reference intervals that high concentrations of PAPP-A predicted the risk for death and also AMI. Our results did not confirm these findings. In our unselected cohort of chest pain patients, there was no significant difference in PAPP-A concentrations in deceased patients and survivors, and PAPP-A accordingly did not predict all-cause mortality.
Many prospective studies have demonstrated a significant and independent association between CRP concentrations and future cardiovascular events in healthy individuals as well as in patients with ACS (20 -23 ) . Our results affirm the prognostic value of CRP for all-cause as well as cardiovascular mortality, and in our data, CRP-the most established, most widely available, and most inexpensive biomarker-had the highest prognostic accuracy.
Potential limitations of the current study merit consideration. First, given that increasing concentrations of MPO, MRP-8/14, PAPP-A, and CRP were linked to factors that are also linked to increased morbidity and mortality, residual confounding may possibly be present in the reported data. Second, it is not yet known how an adverse outcome could be best avoided in patients identified at high risk on the basis of increased concentrations of the markers of plaque instability. Third, we cannot comment on the diagnostic and prognostic accuracy among patients with terminal kidney failure requiring dialysis, because such patients were excluded from our study. Fourth, with further research regarding the mechanisms of plaque rupture, other markers of plaque instability with greater clinical value may be detected in the future.
In conclusion, measurement of currently available biomarkers of plaque instability in the peripheral blood does not seem to be helpful in the early diagnosis of AMI. These markers, however, may provide some incremental information in the risk stratification of patients with acute chest pain. 
